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Tests of an Inversion Algorithm for Spectrally
Resolved Litnb Radiance Profiles
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1. INTRODUCTION AND SUMMARY

Spectrally resolved infrared radiance profiles of the Earth's limb can be in-
verted to obtain vertical distributions of temperature and species concentration.
The atmoasphere below approximately 70 km, where LLTE prevails and the undis-
sociate:l CO, distribution is kne , can be probed using broadband limb measure -
ments, as demonstrated by House and Ohring, 1 Gille et al,z Russell et al, 3 and
thers,  The added dimension of spectral resolution offers the potential of obtaining
uhambiguous information in the non-L T altitude regime.,

The lhmeb spectral radiance profile cannot in general be expressed as a linear
nection of the vertieal temperature and concentration profiles,  Conscquently, the
inversion must generally be pertformed by some sort of recursive algorithm,
Zovchor et :1Il used a recursive direct nonlinear technique to recover vertical pro-
fles af excited miteic oxi o concentration and kinetic temperature above a 100 -km
aftimnde tron spectral data measured by the rocket-borne SPIRE CVE spectrom -
e N These mversions used SPIRE fata tor the NO tundamental band near
G000 0. Coamparable resalts could have been obtained by an approximate linear

Cacthio b becauae cromnd state NO = optieally thin for tangent paths above ~ 100 km

(Pl eqn e 4 oo pablrc ation 27 Senter by 10822

(Prve 1o e dar e nee-ber o reteren: cs o cited above, they will not be [isted here,
Seor Roeterrear v s, vt 100,00




for tne fundamental band. That is, the measured radiance profile and the excited
state density profile have a relationship that is approximately linear for this special
case. A nonlinear method can be adapted more easily to the general, non-optically-
thin case, which is why we chose to use the nonlinear method in sur earlier studv,4
referred hereafter to as ZSNS.

The direct nonlinear method starts with an initial guess for the solution profile,
for example, the excited NO vertical density distribution, The corresponding limb
radiance profile is computed and then the guess is relaxed according to some
measure of the disagreement between the computed and measured limb radiance
profiles. The relaxation equation used in the earlier study, Fq. (8) of Z5NS, re-
vises the guess according to ratios of measured and computed radiance values.

The process is iterated until the solution profile has converged.

The purpose of this studv is to examine turther the inversion capabilities of the

relaxation method used in ZSNS, and to determine its sensitivity to noise. We were

interested particularly in answering the following questions:

{a) How accurately can the method recover sharplv-peaked
distributions? In the limb viewing geometry, a laver
far below the peak is observed through much denser
lavers above it.

(b) How accurately can the temperature profile be recovered
when there is noise in the data” The temperature

profile recovered in ZSNS had large, noise-like excursions,

These questions were answered bv generating svnthetic spectral limb radiance
profiles and then inverting them, both before and after the addition of normallv
distributed pseudo-random numbers representing noise,  We used the NO funda-
mental Av = 1) band and assumed that ground state NO is optically thin for the
complete range of tangent paths involved in the simulations, which corresponded
to tangent heights between 85 and 130 km. Thus, the ecquations used for the direct
computation of radiance, spectral radiance and the relaxed guess are those given
in ZSNS. The inversion method moditied to handle the non-opticallv-thin case (and
1o recover ground state as well as excited state density) would be expected to have
a slightly higher sensitivity to noise than will be indicated by the present results,
In the noise-free simulations, the excited NO vertical density profile was
represented bv a Gaussian function and also by a sdouble -peaked distribution which
15 the sum »f two Guaussians, The simulations with noise used only the double -peaked
distribution, ‘The added white spectral noise had two ditferent rms levels, corres-
ponding to maximum SON'= o 300 and 1005 these are the <ignal-to-noise values at
*he combination Hf waveleneth and tansent height that produces the 'naximum limb
spectral radiance,  The spectral rezofution wias the =ame ax the SPIDE instrument,

approxinctely 0000 g whic b resolves the NO band teto 13 <oecteal elaoments,

- el it . PR W W ey et P P A W P




The excited NO density profile NO*(H) was retrieved by inverting the synthetic
limb profile of band radiance (integrated spectral radiance), whereas the tempera-
ture inversion used 13 profiles of spectral radiance. As in the ZSNS study, the
NO*(H) solution and the set of solutions obtained by inverting each spectral radiance
profile are combined to obtain the profile R(H, A), the normalized spectral emission
per unit volume as a function of altitude. The normalized spectral emission R(T, A)
was also computed for various temperatures T, A systematic comparison of the
rertrieved R(H, M and computed R(T, A)s vields the temperature profile T(H). The
imttial guess 1o each of the inversions consisted of a constant (altitude -independent)
valwe,

‘The results of the simulations are displayved in graphs in the following section,

Foxarminatn of the results leads to the following conclusions:

%
G Inthe noisc-free simulations the retrieved NO (H) and T

were nearty identical to the models used to penerate the
vttt [eh radoan o orofiles, except at the very lowest

it de s, where the excited den<ity was tao Heders of
st de tesv e tnar Che near salueos), The errors at the

Pow alritodd <= are very likoty ddue to the fact that the svnthetic
At e - were tnnedve rtenttby rounded to tour stpnitieant tigures,

S B e T Loan See tran L)

a1y 'S\ AS b o a0, thie o tte r NOY ettty can be retrieved
With haobon ey o to tensaty Jevels D0 tves smaller
han the peans, Beiosw thir~ depsatye lesel, the aecuracy degrades
taotle, I appears that the version techirgue we have used
15t dess cccurate at altitades below the Tower \()# peak than
t = aboye the hipher ,\()): neak, althouch the crrors tend 1o
o peare vstenoatie are the Tower altitiede ranee (see Praare 6),

Cr b S N . 1) e cepror < i retrieve | A\()‘ lensity
credrhe e the saaoe benacior as for the npher SN case,
cogcent he e retrpec pooron e s o curate ta levels 20 thmes
Jova e troar i D he (e Lo Tprre T,

Car o T hee o v i vy peeceep teanslationad terperatinre degrades

o by abe oo cone coanoee s altptwede Lot aned below e lower

Pt Moo e s SN 000 the eres crror i TEHD s
et o gted iy 10 e et de o range of althitaed o=
b as AY . . Tong, iy v - crror - about 1020 C near
CEONOY e s the crrair s b oo Do i 0=V 0000 v
ol s e n Al NGy b e rse s ta B s e e tentiy e
\’)‘ paee tlrpe Covre gy Va0
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(e} Examination of the results indicates that the random peak
excursions in the retrieved temperature profile at the altitudes
of the NO* peaks are approximately :5°C for maximum spectral
S/N = 500 and approximately 325°C for (S)\/NA)max = 100. The
temperature profile that we retrieved from the SPIRE NO data
(see ZSNS) has excursions of $+75°C near the altitude of
maximum NO*. approximately 130 km. This would be consistent
with the present simulation results if the spectral signal-to-noise
of the SPIRE data for tangent height HT = 130 km was approxi-
mately 30 (after the data is averaged over 0.05 um intervals,
as done by ZSNS). Examination of the SPIRE data for this
tangent height shows that the enhanced S)\/N)\ is somewhat
greater than 30, but probably not more than 60. Hence, the
present results support the conclusions by ZSNS that detector
noise was the major cause of the noise-like excursions in the
temperature profile retrieved from the SPIRE NO data.

(f) The results emphasize the importance of achieving high signal-
to-noise in limb spectral radiance measurements, and also
of considering the tradeoffs between spectral resolution and
signal-to-noise. This study did not consider the effects of
smoothness constraints on the inversion solutions, which might

reduce considerably the S/N requirement.

2. RESULTS OF SIMULATION

The single -peaked Gaussian distribution used to cepresent the excited density

profile NO*(E{) in the simulations is given by
* : 2
NOT(H) = 5% 10% exp [(11-115)/5)7 , (1)

* -3 , L. . - .
where NO has the units ¢m and the altitude H is in kilometers., The density
profile peaks at 115 km and is o1 times the peak value at 110 and 120 km altitude,

The double -peaked distribution, given bv

105

*
Nof () - s < 107 %('xn ([(11-115)/4.3437]

)
I

. o - - LI .
has a relative mininnn at 107,56 ko, where NO s approximately one-tenth the

S

“xp ( [(E1-100)/4, 3437

) - 4 -3 . -
maximum value (~35 < 107 cm 7 which ocours ot 100 km and 115 ki,

10




The translational temperature profile used in the computation of synthetic
radiances is the profile given by the Jacchia7 model for an exospheric temperature
of 1050K (based on the U.S. Standard Atmosphere 1976), The profile is displayed
in graphs that compare the model T(H) to the inversion results, which are des-
cribed below. Figures 1 and 2 show the two different NO*(H) models and the
corresponding computed limb profiles of band radiance. The 13 computed limb
spectral radiance profiles are not shown,

Figure 3 compares the single-peaked "actual’' or model NO* distribution and
the corresponding retrieved profile when no noise has been added to the synthetic
band radiance profile. However, the synthetic band radiances were rounded to
four significant figures before they were inverted. Note that the error is sig-
nificant only at the lowest altitudes, where NO*(H) is less than 0.01 times the peak

*
NO . Figure 4 shows that the error has essentially the same behavior for the
double -peaked case,

RADIANCE Wcm s )
y - - - 7 %
't 0 0’ 108 10 10

130

125 |- N
€
™3
TR0 )
8
* EXC ITED DENSITY PROFILE
Z 15 NOPH) -
“g’ BAND RADIANCE PROFILE (Upper Scale)
=
s 10 -
a8
=
= 1051 ]
<

100 |- _

% 1 llllllll | 11111111 i llllllll 1 llllllll L1

2 3 4 5
1 10 10 10 10 10
NO*H) €m )

%
Figure 1, Single-peaked Gaussian Model for NO (H) and
the Limb Profile of Band Radiance, Determined by NO*(H)
and the Model Temperature Profile T(H)

7. lacchia, Lo (1077) Thermospheric Temperature, Densitv and Composition:
New Models, Smithsonfan Astrophvsical Observatorv Special Report 375,
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Figure 4. Same as Figure 3 [xcept that the Actual
NO™(H) Is Represented by the Double -peaked Model

[Figure 5 compares the actual or model T(H) to the temperature profiles re -
‘rieved tor the single - and double -peaked cases, when only rounding noise is
ovesent, The crrovs in vetrieved T(H) are significant at the same altitudes for
which the retrieved .\"O;:\(H) has significant errors, that is, when N()*(H) is less
“han 0,01 times the peak NO';:.

Figure 6 shows the retrieved double -peaked NO* vertical profile when the

roaximur -pecteral 87N is 300, The retrieved profile is in good agreement with

For a maximum spectral S/N of 100 the actual and retrieved profiles are in good
Bl %

igiecment when NO (H) is greater than approximatelvy 0,02 times the peak NO ;

2ec Firure 7.0 However, at 107.5 km where NO (1D has a relative minimum, the

celative error ik approximately 40 percent,

the actunl profile when N();IZ(H) is greater than ~0,01 to 0. 02 times the puak NO;‘:.
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Figure 8 shows that acecurate temperature profiles con be retricved over the
when (S 0/N ) = 500.

peak ( /\/ Amix

For tne double-pesked model used i the simalations tnis altitude range is opproxi-

WA

range obf sdtitudes corresponding to NO (1D S 0,10 NO™

natelv U5 -120 Ko the error an fhis abitnde regime is less fhn ~ 20007,

Pigare vonow st e vetrieved profile hos anocceptably Terec coror- o en
>y \“[:Hx 100, The rras creoran temperatinee is less toom - 10-200 0 anle
ne e e peaie of fae NOY drsteihotion,
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3.0 DISCUSSION

It «ppe s toat tne nonlinear inversion technique investigated in this study is
no less avcurate below tne peukis) in concentration distribution than it is above the
poeakt=d, cltnough the crrors tend to be more systematic at the lower altitudes
below o =ingle or double peak,

Hased on the results of this study, it is not surprising that the temperature
i)n.[‘ilp retrieved from the SPIRE NO sp(‘(‘f ral data b_\' Z5SNS show noise-like excur-

sions of 2 7H°C,  The maximum S\/L\' was between 30 and 60 for the SPIRLE data.

A
The present study implies that maximum spectral S/Ns of the order of 500 are
reguired to ensure acceptuble temperature solutions.

Treanslational temperature profiles in the thermosphere have a characteristic
smoothness exemplified by the model T(H) used in the simulations.  Based on the
a4 priori knowledge (or assumption) of "smoothness', the retrieved temperature
profile shown in Figure © would be judged "unacceptable’'. So-culled smoothness
constraints can be incorporated into the inversion algorithm to significantly reduce
tne SN requirement,  For the double-peaked NO - cases modelled in this study, it
13 estimated that the S/ N requirement can be reduced by a factor as large as two
v trired,

Iee study resalts indicate, nonetheless, the importance of considering the
Aot sble feoadeotts between spectral resolution and signal-to-noise.  High spectral
cesolution mieht be required, for example, when two or more specles have over-
I opping =pectes] bands, o wnen the available data interpretation sdgorithm requives

el hion of optie T -t portions of o stronely emitting band, When these con-

rcr trones e ot ppls one should opt Tor thie minimum spectral resolution that
St bt baad Contone (rmsbationsd temperature), The tradeots obviously
b o conedes woaon fae st runnent must recover simultineously the dis-
] T L T
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